Lactobacillus species are a predominant member of the vaginal microflora and are critical in maintaining an acidic vaginal environment thought to contribute to the prevention of a number of urogenital diseases. However, during menstruation the pH of the vaginal environment increases to neutrality, a pH conducive for Staphylococcus aureus proliferation and the production of toxic shock syndrome toxin 1 (TSST-1) in susceptible women. In order to generate Lactobacillus species capable of expressing lysostaphin (an endopeptidase that cleaves the cell wall of S. aureus) in a modified genital tract secretion medium (mGTS) under neutral-pH conditions, six prominent proteins from Lactobacillus plantarum WCFS1 spent medium were identified by mass spectrometry. Sequences for promoters, signal peptides, and mature lysostaphin were used to construct plasmids that were subsequently transformed into L. plantarum WCFS1. The promoter and signal sequences of Lp_3014 (putatively identified as a transglycosylase) or the promoter sequence of Lp_0789 (putatively identified as glyceraldehyde 3-phosphate dehydrogenase) with the signal sequence of Lp_3014 exhibited lysostaphin activity on buffered medium containing heat-killed S. aureus. The cassettes were integrated into the chromosome of L. plantarum WCFS1, but only the cassette containing the promoter and signal sequence from Lp_3014 had integrated into the appropriate site. Coculture assays using buffered mGTS showed that lysostaphin expressed from L. plantarum WCFS1 reduced the growth of TSST-1-producing strains of S. aureus under neutral-pH conditions. This study provides the basis for determining whether lysostaphin-producing Lactobacillus strains could potentially be used as a means to inhibit the growth of S. aureus during menstruation.
Toxic shock syndrome (TSS) is a systemic disease with a sudden onset of fever, hypotension, erythema, desquamation, and multisystem involvement that leads to fatality in 5% of cases (52, 72) . The etiological agent in nearly all menstrual TSS (mTSS) cases and approximately half of nonmenstrual TSS cases is Staphylococcus aureus strains producing one or more superantigenic toxins, primarily toxic shock syndrome toxin 1 (TSST-1) and staphylococcal enterotoxin (SE) B or C (10, 19, 46, 65, 77) .
While TSS has been reported since as early as 1927, its prominence came to light when the number of TSS cases increased dramatically in the late 1970s (68) . This TSS increase was found to be associated with the use of a newly developed superabsorbent tampon by menstruating women (68) . The number of cases of menstrual TSS decreased significantly when the product was removed from the market, while the number of nonmenstrual cases has remained relatively constant (16) . While mTSS is rare in the United States (ca. 1 case per 100,000 of menstrual age) (23) , a recent study has suggested that staphylococcal TSS is on the rise (66) .
Lactobacillus species are an important group of bacteria that inhabit the gastrointestinal tract and represent the predominant microorganism found in the healthy vaginal ecosystem (3, 4, 41, 62, 80) , producing a variety of compounds (20, 38, (48) (49) (50) that inhibit potentially pathogenic microorganisms. For example, anaerobic metabolism of glycogen primarily by vaginal lactobacilli results in the production of lactic acid, with a concomitant reduction in pH (14, 15, 45) . However, during menstruation a number of vaginal conditions change, one of which is a rise in pH (6) . Neutral pH along with elevated protein, oxygen, and carbon dioxide levels has been shown to be required for in vitro TSST-1 production by S. aureus (42) .
Lysostaphin is a zinc-containing metalloenzyme with glycylglycine endopeptidase activity, which hydrolyzes the pentaglycine cross-linking peptide of the peptidoglycan cell wall of S. aureus (37) . Its use as a therapeutic agent to prevent and treat S. aureus infections is not novel, as it has been shown to be an effective topical antimicrobial to control cutaneous infections and carriage of methicillin-resistant Staphylococcus aureus (MRSA) (53) . In addition, lysostaphin has been used as a treatment for reducing S. aureus in blood and organs of infected mice (35) and infections of the rabbit eye caused by MRSA (17, 18) as well as a means to reduce colonization by S. aureus when applied as a precoat to catheters (67) . Lysostaphin has also been used to reduce S. aureus in the nasal passages of humans (25, 36, 55) and has actually been used to treat a staphylococcal abscess in a neutropenic patient (70) .
To the best of our knowledge, the use of lysostaphin-expressing Lactobacillus for prevention of TSS has not been reported. In the present study, we describe the cloning and subsequent expression of lysostaphin in L. plantarum WCFS1. This strain was capable of inhibiting S. aureus growth in a medium simulating genital tract secretion, providing the basis for examining the use of Lactobacillus as a lysostaphin-producing probiotic in the prevention and treatment of menstrual TSS.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Lactobacillus strains were routinely grown in Mann-Rogosa-Sharpe (MRS) broth (Becton Dickinson, Sparks, MD) or on solid medium with the addition of agar (1.6%) at 37°C under anaerobic conditions (80 to 90% nitrogen, 5% hydrogen, and 5 to 10% carbon dioxide) (Coy Laboratory Products, Grass Lakes, MI). Staphylococcus aureus strains and Staphylococcus simulans biovar staphylolyticus NRRL B-2628 (64, 69) were grown in tryptic soy broth (TSB) (Difco Laboratories, Detroit, MI) or on solid medium with the addition of agar (1.6%) (TSA) at 37°C. Escherichia coli JM109 was grown either in Luria-Bertani (LB) broth or on solid medium with the addition of agar (1.6%) at 37°C. When necessary, ampicillin (100 g/ml; Sigma-Aldrich, St. Louis, MO), chloramphenicol (30 g/ml; Sigma-Aldrich), and erythromycin (150 g/ml; Sigma-Aldrich) were added for E. coli and erythromycin (2.5 g/ml) was added for Lactobacillus species. The modified genital tract secretion medium (mGTS) used in this study is a modification (see Table S1 in the supplemental material) of that reported by Geshnizgani and Onderdonk (24) .
DNA manipulation, E. coli competent cell preparation, transformation, and PCR. Genomic DNA from Lactobacillus and Staphylococcus was isolated using the GeneElute genomic DNA kit (Sigma-Aldrich). DNA cloning, E. coli competent cell preparation, and transformation followed standard procedures as described previously (63) . Restriction enzymes and T4 DNA ligase were purchased from Promega (Promega, Madison, WI), and PCR was performed using the Platinum PCR Supermix high-fidelity kit (Invitrogen Life Technologies, Carlsbad, CA).
Spent medium preparation. Spent medium isolated from overnight (15 to 18 h) cultures of L. plantarum WCFS1 was concentrated as described by Jones et al. (32) . Proteins from concentrated spent medium were resolved using 4 to 12% gradient gels as recommended by the manufacturer (Invitrogen). Gels were stained with SimpleStain (Invitrogen), and proteins exhibiting the most intense bands were excised and analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (see below).
MS. Proteins in each gel slice were destained with a solution of 25 mM NH 4 HCO 3 -50% acetonitrile. Gel slices were further cut into small pieces and dried under vacuum. Proteins were then digested with trypsin (Promega, Madison, WI) at 37°C for 16 h in a solution of 25 mM NH 4 HCO 3 (pH 8.3). The resulting peptide suspension was extracted with 70% acetonitrile-5% formic acid and sonication prior to lyophilization to dryness. The peptides were suspended in 0.1% formic acid and subjected to mass spectrometry analysis as described by Yu et al. (79) . The mass spectrometer was operated in a data-dependent mode in which each full MS scan was followed by seven MS/MS scans where the seven most abundant peptide molecular ions were dynamically selected from the prior MS scan for collision-induced dissociation (CID) using a normalized collision energy of 35%. The raw MS/MS data were searched using SEQUEST running under BioWorks (Rev. 3.3.1 SP1) (Thermo Electron, San Jose, CA) against the Lactobacillus plantarum WCFS1 UniProt protein database (www.uniprot.org) for the identification of peptides and proteins within each gel band.
Western analysis. Proteins from spent medium isolated from overnight cultures (15 to 18 h) of L. plantarum WCFS1 grown in buffered (pH 7.0) mGTS were resolved by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Amersham Hybond-P; GE Healthcare Bio-Sciences, Piscataway, NJ) using the semidry method as recommended by the manufacturer (Bio-Rad, Hercules, CA). The penta-His antibody-horseradish peroxidase (HRP) conjugate kit (Qiagen, Valencia, CA) and a chemiluminescence kit (GE Healthcare) were used as recommended by their respective manufacturers for detection of the His 6 -tagged lysostaphin.
Construction of plasmids and transformation of Lactobacillus. Total DNA isolated from S. simulans biovar staphylolyticus (64, 69) and primers LysF and LysR were used to amplify the coding region corresponding to the mature form of lysostaphin (amino acids 248 to 493) (26, 57, 71) . The amplicon (approximately 740 bp) was gel purified, cloned into pGEM-T Easy (Promega), and designated pLYS.
The 5Ј end (positions Ϫ610 to ϩ117) of Lp_1697, including the putative promoter and signal peptide sequences, was amplified with primers LP1697F and LP1697R, using genomic DNA isolated from L. plantarum WCFS1. The oligonucleotide sequence of LP1697R incorporated a histidine-coding region (Table  2) into the amplicon for the purpose of detecting the Lp_1697 lysostaphinexpressing cassette by Western analysis. The amplicon (727 bp) was gel purified using Qiagen EXII kit (Qiagen) and cloned into pGEM-T Easy vector (Promega), resulting in plasmid pCH1. The fragment containing the mature lysostaphin was generated by XhoI and KpnI digestion of plasmid pLYS and cloned into the XhoI-and KpnI-digested pCH1, resulting in plasmid pCH2. Plasmid pCHG (without the ISS1 element of pGh9::ISS1) was constructed by cloning the 3.6-kbp fragment of SpeI/SalI-digested pGh9::ISS1 into SpeI/ SalI-digested pCH2.
The 5Ј end (positions Ϫ420 to ϩ131) of Lp_3014 containing the putative promoter and signal peptide sequences was amplified using primers LP3014F and LP3014R. The coding region of mature lysostaphin was amplified using primers LysF2 and LysR2 and total DNA isolated from S. simulans biovar staphylolyticus (69) . The amplicon also included a six-histidine-coding region (coded within primer LysF2) in frame with the mature lysostaphin protein for the purpose of detecting either the Lp_3014 or the Lp_0789 recombinant lysostaphin-expressing cassette by Western analysis. The two amplicons were gel purified and joined together by splicing overlap extension PCR (29) using primers LP3014F and LysR2. The resulting amplicon was confirmed by digestion with HindIII (a unique site incorporated into the amplicon by primer LysR2) and cloned into pGEM-T Easy vector, resulting in plasmid pTF1. Plasmid pTF2 (without the ISS1 element of pGh9::ISS1) was constructed by cloning the 3.6-kbp SpeI/SalI fragment of pGh9::ISS1 into SpeI/SalI-digested pTF1.
Construction of the Lp_0789 lysostaphin cassette began by amplifying a 500-bp fragment (positions Ϫ501 to Ϫ1) from genomic DNA isolated from L. plantarum WCFS1 using primers LP0789F and LP0789R1. The amplicon was gel purified and used as a template for a second round of amplification using primers LP0789F and LP0789R2 to add the signal peptide sequence of Lp_3014. The resulting amplicon was gel purified and used as a template with primers, LP0789F and LP0789R3. Primer LP0789R3 allowed for a 3Ј overlapping sequence complementary to the 5Ј end of the mature lysostaphin gene generated with primers LysF2 and LysR2. The amplicon was joined to the lysostaphin amplicon using primers LP0789F and LysR2 and cloned into the pGEM-T Easy vector, resulting in plasmid pGDH1. The fragment containing the lysostaphinexpressing cassette of pGDH1 was released by SpeI digestion and ligated into the XbaI-digested pBCSKϩ (Stratagene, La Jolla, CA), generating plasmid pGDH2. Plasmid pGDH4 (without the ISS1 element of pGh9::ISS1) was constructed by cloning the 3.6-kbp SpeI/SalI fragment of pGh9::ISS1 into SpeI/SalI-digested pGDH2.
In order to integrate the lysostaphin-expressing cassette into the chromosome of L. plantarum WCFS1, the erythromycin resistance gene from pGh9::ISS1 was amplified with primers ErmF and ErmR. The amplicon was digested with SmaI, gel purified, and blunt-end ligated into SspI-digested pBluescript II KS(Ϫ) (Stratagene). The resulting plasmid, pERM, was then digested with KpnI and SpeI and ligated into either KpnI/SpeI-digested pTF1 (Lp_3014 lysostaphin cassette) or the KpnI/SpeI-digested pGDH1 (Lp_0789 lysostaphin cassette). The resulting plasmids, pETF (containing the Lp_3014 lysostaphin cassette) and pEDH (containing the Lp_0789 lysostaphin cassette), along with the previously mentioned plasmid constructs were introduced into L. plantarum WCFS1 by electroporation (33) . Only plasmids pGh9::ISS1, pTF2, and pGDH4 were electroporated into Lactobacillus gasseri ATCC 9857. Electroporation was conducted using 0.2-cm cuvettes and the Bio-Rad Gene Pulser (Bio-Rad, Hercules, CA) with the parameters 2.5 kV, 25 F, and 400 ⍀. Pulsed cells were immediately recovered with 0.5 ml of MRS and incubated on ice for 1 min prior to a 3-h incubation at 37°C under anaerobic conditions. Cells were then plated on MRS agar containing erythromycin. Erythromycin-resistant transformants containing the appropriate plasmids were procured as frozen cell suspensions stored at Ϫ80°C. Chromosomal integration of pETF and pEDH was confirmed by PCR using primer LysR2 and either forward primer DIG3014, which is 220 bp upstream of LP3014F, or forward primer DIG0789, which is 200 bp upstream of LP0789, respectively.
Plasmid stability in Lactobacillus. To test the stability of the lysostaphin expression constructs, cells (5 ϫ 10 7 CFU/ml) of Lactobacillus containing either pGh9::ISS1, pTF2, pGDH4, or the chromosomally integrated plasmid pETF were inoculated into MRS without antibiotics and incubated anaerobically for 24 h (approximately six generations). A portion (1% of the culture) of the overnight culture was then transferred to fresh MRS medium, and portions of the remaining culture volume were used to determine the number of cells retaining antibiotic resistance by plating on medium with or without antibiotic. The starting cultures were transferred every 24 h for a total of 96 h (approximately 24 generations).
Detection of lysostaphin activity. Lysostaphin activity was detected using plate medium of either MRS, TSB, LB, or mGTS containing 0.1 M potassium phosphate (K 2 HPO 4 -KH 2 PO 4 , pH 7.0) and heat-killed S. aureus. Heat-killed S. aureus was prepared by autoclaving 20-ml overnight (15 to 18 h) cultures prior to harvesting the cells by centrifugation. Cells were suspended in 1 ml of 0.1 M potassium phosphate (pH 7.0) and added to molten (50°C) agar medium prior to pouring plates. Lactobacilli containing lysostaphin expression cassettes were grown in the corresponding media under anaerobic conditions prior to inocula- Lysostaphin activity toward live S. aureus cells was measured using the 6-well BD Falcon cell culture system (Becton Dickinson, Franklin Lakes, NJ). Cupshaped inserts with 0.4-m filters were aseptically placed into wells containing S. aureus (ϳ1 ϫ 10 6 CFU/ml) suspended in mGTS. Cell suspensions (ϳ2 ϫ 10 8 CFU/ml) of lactobacilli containing the various plasmid constructs were then pipetted into the inserts. Plates were incubated anaerobically at 37°C prior to determining the optical density of S. aureus MN8 at 24, 48, and 72 h and the viability of S. aureus MN8 at 0, 24, and 48 h. Statistical analysis. Three independent biological determinations for each of the experiments involving S. aureus MN8 optical density readings, viable cell counts, and L. plantarum WCFS1 plasmid instability were used to generate means Ϯ standard deviations (SD). Differences among groups were compared by a two-way analysis of variance, with effects of group, date of independent determination, and interaction and with unadjusted pairwise comparisons between groups. All tests were performed with a 0.05 level of significance.
RESULTS
Construction of lysostaphin-expressing cassettes with promoters and signal peptides from proteins of L. plantarum WCFS1. Visual inspection of SDS-polyacrylamide gels revealed more than 10 protein bands found in spent medium isolated from L. plantarum WCFS1 grown in mGTS (Fig. 1) . Five of these bands were deemed major and were excised and processed for LC-MS/MS analysis. Protein bands resolved by one-dimensional SDS-PAGE usually contain multiple proteins; therefore, the identified protein with the highest peptide spectral count and a molecular mass nearest to that of the observed band was chosen for further analysis (Table 3) . Band 1 (Fig. 1) , which has a molecular mass of ϳ18 to 19 kDa, actually consisted of two proteins, Lp_3014, and Lp_1697, with similar spectral counts, while each of the remaining four bands consisted primarily of a single protein of the appropriate size ( Fig. 1 and Table 3 ). Analysis by SignalP 3.0 (9) predicted that only proteins Lp_3014 and Lp_1697 have putative signal peptides (Table 3 ). In addition, these two proteins were also proposed in silico to be an extracellular transglycosylase and a chitin-binding protein, respectively (13) . A third protein, Lp_0789 (Fig. 1, band 3) , was also selected, as this protein, glyceraldehyde-3-phosphate dehydrogenase (GADPH), is conserved among the lactobacilli (1). DNA regions containing the putative promoter and signal peptide sequences of these proteins were selected for construction of the lysostaphin expression cassettes.
Expression and secretion of lysostaphin by Lactobacillus. To determine whether lysostaphin was expressed and secreted in L. plantarum WCFS1, proteins in buffered (pH 7.0) mGTS spent medium isolated from L. plantarum WCFS1 containing either pGh9::ISS1, pCHG, pTF2, or pGDH4 were resolved by SDS-PAGE (data not shown). Western analysis using the His 6 tag antibody was then performed (Fig. 2) . A single, approximately 30-kDa, band was observed for strains containing pCHG, pTF2, or pGDH4 but not for the strain containing the (Fig. 2) . The size of the recombinant proteins was in good agreement with the calculated 26.9-kDa molecular mass of mature lysostaphin (26, 57) plus the increase in mass by the addition of the histidine tag. While the calculated molecular masses for all three recombinant lysostaphin proteins were determined to be similar (28, 939 Da for the Lp_1697 construct compared to the 28,967 Da for the Lp_3014 and Lp_0789 constructs), the protein for pCHG (Lp_1697) was visually larger than the proteins for pTF2 (Lp_3014 construct) and pGDH4 (Lp_0789 construct) (Fig. 2) . At present, it is unclear why the recombinant lysostaphin in pCHG is larger than those in pTF2 and pGDH4, but it is important to note that the recombinant lysostaphin expressed from the cassette in pCHG did not exhibit lysostaphin activity on plates containing heat-killed S. aureus MN8 (Fig. 3) . Recombinant lysostaphin activity. Plates containing buffered (pH 7.0) TSA, LB, MRS, or mGTS embedded with heatkilled (autoclaved) S. aureus MN8 were used as an initial screening for lysostaphin activity. Lactobacillus plantarum WCFS1 containing either pTF2 or pGDH4 exhibited lysostaphin activity on TSA (Fig. 3A) and LB agar plates (data not shown). No activity was observed when these clones were inoculated onto agar plates containing MRS (data not shown). As expected, L. plantarum WCFS1 containing the vector (pGh9::ISS1) only exhibited no activity on any plate medium examined (Fig. 3 and data not shown) .
In contrast to strains containing pTF2 and pGDH4, L. plantarum WCFS1 containing the pCHG construct did not exhibit activity on any of the media examined (Fig. 3 and data not shown). PCR using primers 1697F and LysR and template DNA isolated from L. plantarum WCFS1 containing pCHG yielded an amplicon of the expected size, indicating that the construct was intact. In addition, carriage of pCHG by L. plantarum WCFS1 did not result in a growth pattern different from that of any of the other plasmid-carrying strains, including those containing the vector alone (data not shown).
Lactobacillus plantarum WCFS1 (Fig. 3B ) and L. gasseri ATCC 9857 (data not shown) containing either pTF2 or pGDH4 also exhibited lysostaphin activity on buffered (pH 7.0) mGTS plates. Attempts to introduce the various plasmid constructs into L. acidophilus JCM 2124 and L. jensenii JCM 11305 were unsuccessful.
Heat-killed cells of five additional TSST-1-producing strains of S. aureus isolated from cases of vaginal TSS and S. aureus UAMS-1, USA300, and Sanger-252 were assessed for their susceptibility to lysostaphin-producing strains of L. plantarum WCFS1 on either buffered TSA (see Table S2 in the supplemental material) or buffered mGTS (see Table S3 in the supplemental material). All strains of S. aureus exhibited a zone of clearing similar to that of S. aureus MN8 after 72 h of incubation.
Plasmid instability. As expected, constructs using plasmid pGh9::ISS1, which contains a temperature-sensitive replicon (12, 42) , were unstable when L. plantarum WCFS1 was grown at the nonpermissive temperature of 37°C (Fig. 4) . Approximately 80% of the cell population containing the vector alone exhibited resistance to erythromycin after 24 h, and by 96 h only 20% of the population was resistant (Fig. 4) . A decrease in stability was also observed with plasmids containing the promoter and signal sequences of Lp_3014 (pTF2) or the promoter sequence of Lp_0789 and the signal sequence of Lp_3014 (pGDH4) (Fig. 4) . This instability was significantly more than with the vector alone, as less than 5% of the cell The band number corresponds to the band number in Fig. 1 . b Locus tag according to Kleerebezem et al. (34) . (Fig. 4) . Chromosomal integration of the lysostaphin-expressing cassette into L. plantarum WCFS1. To circumvent plasmid instability, the lysostaphin-expressing cassettes of plasmids pTF2 and pGDH4 were introduced into L. plantarum WCFS1 using a ColE1-based vector (pERM) containing the erythromycin resistance gene from pGh9::ISS1. Chromosomal DNA isolated from transformants resistant to erythromycin was used to determine by PCR whether or not the integration had occurred at the appropriate location (Fig. 5) . Amplicons of 1.3 and 1.5 kbp (Fig. 5, lanes 2 and 3) were observed for primer pairs LP3014F-LysR2 and DIG3014-LysR2, respectively, which are the expected sizes if plasmid pETF (containing the promoter and signal sequences from Lp_3014) had integrated correctly into the chromosome of L. plantarum WCFS1 (Fig. 5) . The pETF integrant was stably maintained in L. plantarum WCFS1, as evident by greater than 90% of the cell population maintaining resistance to erythromycin after 96 h of growth (Fig. 4) . The integrant also exhibited lysostaphin activity on buffered (pH 7.0) TSA (Fig. 3A) and mGTS (Fig. 3B) containing heat-killed S. aureus MN8. In contrast, amplicons (Fig. 5, lanes 4 and 5) generated for plasmid pEDH (containing the promoter sequence of Lp_0789 and the signal sequence of Lp_3014) using primer pairs LP0789F-LysR2 and DIG0789-LysR2 were not of the expected sizes, indicating an inappropriate integration or genetic rearrangement (Fig. 5.) . Nevertheless, the pEDH integrant did exhibit lysostaphin activity (data not shown).
Viability of S. aureus MN8 in the presence of lysostaphinproducing L. plantarum WCFS1. The coculture assay using buffered (pH 7.0) mGTS indicated that L. plantarum WCFS1 containing either pTF2 or pGDH4, and the pETF integrant was effective in reducing the viability of S. aureus MN8 (Fig. 6) .
Optical densities at 24, 48, and 72 h for all three lysostaphinexpressing cassettes were significantly less than those of L. plantarum WCFS1 containing the pGh9::ISS1 vector alone, and densities at 48 and 72 h were significantly less than those observed at 24 h (Fig. 6A) . The loss of optical density in the presence of lysostaphin-expressing L. plantarum WCFS1 is most likely due to the bacteriolytic activity of lysostaphin; however, to confirm the bacteriolytic properties of lysostaphin, samples of S. aureus MN8 taken at 0, 24, and 48 h of coculture growth were diluted, plated onto TSA, and incubated overnight at 37°C. A significant loss (3-fold reduction) of viability was observed after 24 h when S. aureus MN8 was cocultured with L. plantarum WCFS1 containing plasmids pTF2 and pGDH4 compared to L. plantarum WCFS1 containing the pGh9::ISS1 vector alone (Fig. 6B) . While a 2-fold reduction was observed for the pETF integrant compared to the vector control after 24 h, this reduction was not deemed statistically significant. However, by 48 h, the lysostaphin-expressing cassettes of pTF2 and pGDH4 resulted in an approximately 10 4 -fold reduction in S. aureus MN8 viability, while the pETF integrant of L. plantarum WCFS1 resulted in a 10 3 -fold reduction (Fig. 6B) .
Reduction in optical density values was also observed for each of the other S. aureus strains examined when they were cocultured with lysostaphin-producing strains of L. plantarum WCFS1 in buffered mGTS (see Fig. S1 in the supplemental material).
DISCUSSION
Various techniques have identified Lactobacillus species as the predominant microorganism found in the vaginas of most healthy and fertile women (58, 59) , and at times other than menstruation, their ability to ferment carbohydrates to lactic acid is the primary reason that a normal healthy vagina has an acidic pH (14, 15, 45, 56) . This acidic pH along with other antimicrobial factors is thought to provide a protective barrier against a number of microorganisms (54, 75) that would oth- (21) . It is for this reason that Lactobacillus species have been studied as a potential probiotic for the prevention and treatment of urogenital disease in women (22, (58) (59) (60) . During menstruation, the vaginal pH becomes neutral, most likely due to the influx of menses blood, which has a pH range of 6.9 to 7.2 (6). In addition, menses blood in the vagina also results in an elevated protein concentration (6) and an increase in oxygen and carbon dioxide concentrations (27) , which all contribute to the production of TSST-1 by S. aureus (43, 78) .
As a means of increasing the antimicrobial capabilities of Lactobacillus species toward S. aureus, we decided to move the gene for lysostaphin into L. plantarum WCFS1, primarily because this strain was one of a few whose genome had been sequenced and annotated at the initiation of this study (34) . To do so, we first attempted to utilized the strategy employed by Turner et al. (74) , which used the promoter and secretion signal sequences of the small exported protein (sep) gene of L. fermentum BR11 (73) and the integration vector pGh9::ISS1 (42), as a comparative amino acid sequence analysis (73) revealed that a similar protein (Lp_0304) was encoded in L. plantarum (73) . However, we were unsuccessful in generating an appropriate amplicon using template DNA isolated from L. plantarum WCFS1 and L. gasseri ATCC 9857 (data not shown).
Therefore, we identified five major protein bands from the spent medium of L. plantarum WCFS1 grown in a medium simulating genital tract secretions. Surprisingly, among the six identified proteins, only two contained a putative signal peptide. The other four proteins were identified as glycolytic enzymes typically found in the cytoplasm. Similar observations have also been documented for other Gram-positive bacteria. For example, enolase and GADPH have been found on the surfaces of some Gram-positive pathogenic bacteria (11, 44, 51) and are considered constituents of the secretomes of some Lactobacillus species (2) under neutral-pH growth conditions. Rather than being leaked or released by cell autolysis, accumulating data suggest that these proteins are probably secreted by bacteria in a Sec-independent or nonclassical manner (8) . The mechanism remains unclear, but at least in Lactobacillus crispatus and Streptococcus gordonii, the presence of enolase and GADPH in the extracellular environment appears to be pH dependent (2, 47) .
Similar to the case for the Sep protein identified from L. fermentum 11 (73) , the protein (Lp_3104) identified in L. plantarum WCFS1 in our study also has a peptidoglycan-binding LysM (lysin motif) domain immediately following the signal peptide leader sequence, suggesting that it might be noncovalently anchored to the cell surface as are other proteins that have this general feature (5). However, unlike the Sep protein, Lp_3014 does not harbor a Q-rich region in the middle of the protein but instead contains a rare T(Thr)S(Ser)-rich region (amino acids 74 to 123) with unknown function. In addition, the carboxyl-terminal end of Lp_3014 does not share similarity to the APF1 protein of Lactobacillus johnsonii ATCC 11506 (76) , which has been shown to be involved in cell aggregation (61) and cell shape maintenance (31), even though Lp_3014 possesses a carboxyl-terminal transglycosylase domain (amino acids 142 to 198).
Utilizing the promoter and signal peptide sequences of Lp_3014 and Lp_0789, the mature form of lysostaphin was expressed in L. plantarum WCFS1 as demonstrated by Western analysis and lysostaphin activity on plate media containing heat-killed S. aureus MN8. Activity was observed on buffered TSB and mGTS but not on buffered MRS plates. We postulate that in all probability the extravagant growth exhibited by L. plantarum WCFS1 on MRS resulted in lactic acid levels that exceeded the buffering capacity of the medium and consequently inhibited lysostaphin activity; lysostaphin has an optimum pH of 7.5 and displays little to no activity below pH 5.5 (30, 64) .
As reported previously, pGh9::ISS1 is a thermosensitive plasmid (42), so it was not surprising to find that pGh9::ISS1 was not stable at 37°C. In addition, it appears that the lysostaphinexpressing cassettes expressed from pGH9::ISS1 added to the instability of the plasmids even though growth of plasmid- FIG. 6 . Optical density readings (A) and viable cell counts (B) of S. aureus MN8 when cocultured with lysostaphin-expressing L. plantarum WCSF1 in buffered mGTS. Values represent the means Ϯ SD of three independent determinations. Statistical significance was determined by analysis of variance with pairwise comparison between each group, using a P value of Յ0.05. Asterisks denote a significant difference between each of the lysostaphin-expressing cassettes (pTF2, pGDH4, and pETF) and the plasmid vector (pGh9). (28, 39, 40) . While both lysostaphin-expressing cassettes (pETF and pEDH) integrated into the L. plantarum WCFS1 chromosome as evident by erythromycin resistance and lysostaphin activity on media containing heat-killed S. aureus MN8, only the cassette consisting of the promoter and signal sequences from Lp_3014 (pETF) had integrated into the chromosome in the appropriate site. The reason for the inappropriate insertion of pEDH is unknown at present. The pETF integrant was stable without antibiotic selection and displayed lysostaphin activity on media containing heatkilled S. aureus MN8. This also included a buffered medium simulating that found in the vaginal tracts of healthy women. The significant improvement of maintaining the lysostaphinexpressing cassette integrated in the chromosome of L. plantarum WCFS1, and potentially other Lactobacillus species, is critical, since this would greatly expand their potential to be used as probiotics in the vaginal environment, where antibiotics cannot be administered for plasmid maintenance. More importantly, the L. plantarum WCFS1/pETF integrant proved to be significantly inhibitory for S. aureus MN8 when cocultured under neutral-pH conditions in a medium simulating genital tract secretions, neutral pH being one of several environmental conditions important for S. aureus proliferation and production of TSST-1. In addition, the lysostaphin-producing strains of L. plantarum WCFS1 were also shown to be inhibitory for a selected group of S. aureus clinical isolates that included five vaginal TSS strains. The use of lysostaphin-expressing Lactobacillus species as a means to prevent growth of TSST-1-producing strains of S. aureus under in vitro and in vivo conditions that simulate the vaginal environment prior to, during, and shortly after menstruation remains to be determined. These conditions as well as others are under investigation.
